Introduction Cyanide is a major chemical threat, and cyanide ingestion carries a higher risk for a supra-lethal dose exposure compared to inhalation but provides an opportunity for effective treatment due to a longer treatment window and a gastrointestinal cyanide reservoir that could be neutralized prior to systemic absorption. We hypothesized that orally administered cobinamide may function as a high-binding affinity scavenger and that gastric alkalinization would reduce cyanide absorption and concurrently increase cobinamide binding, further enhancing antidote effectiveness. Methods Thirty New Zealand white rabbits were divided into five groups and were given a lethal dose of oral cyanide poisoning (50 mg). The survival time of animals was monitored with oral cyanide alone, oral cyanide with gastric alkalinization with oral sodium bicarbonate buffer (500 mg), and in combination with either aquohydroxocobinamide or dinitrocobinamide (250 mM). Red blood cell cyanide concentration, plasma cobinamide, and thiocyanate concentrations were measured from blood samples.
Introduction
Cyanide poisoning can occur in a variety of settings; for example, accidental exposure from industrial events, inhalation of combustion products, acts of terrorism, or chemical warfare [1] [2] [3] [4] . Doses as little as 50 mg may be fatal to humans. Cyanide is inexpensive and readily accessible, with more than 5.2 billion pounds produced annually worldwide [5] . The cyanide threat from terrorism and industrial accidents is a major concern of the US civilian and military chemical defense programs. Oral ingestion or inhalation of cyanide can cause irreversible injury or death within minutes of exposure [6] . While effective antidotes are available for treating individual victims, no antidote presently exists for a mass casualty scenario or for very large dose of oral ingestions, since current antidotes must be given intravenously in large volumes of fluid.
It would be relatively simple for terrorists to poison water supplies [7] [8] [9] , and prior threats have been uncovered [7, 8] . Despite very rapid cyanide absorption from the gastrointestinal tract, oral cyanide exposure is more amenable to treatment than inhalation exposure, due to a longer time from exposure to poisoning: death following oral cyanide ingestion can provide therapeutic windows of 30 min to hours, compared to less than 10 min for inhaled cyanide [10] . Moreover, a large reservoir of gastrointestinal cyanide can potentially be prevented from being absorbed following oral ingestion. In this study, we investigated a treatment approach that could be directed to casualties from oral cyanide ingestion.
Treatment of cyanide poisoning includes three general classes of agents: methemoglobin generators and nitric oxide (NO) donors (sodium nitrite, amyl nitrite, and dimethyl aminophenol), sulfur donors (sodium thiosulfate and glutathione) [1, 11] , and direct binding agents (hydroxocobalamin and dicobalt edetate). We have been developing cobinamide as a cyanide antidote; it can be administered rapidly in small volumes by intramuscular injection [12] [13] [14] [15] [16] [17] [18] . Cobinamide is a promising cyanide antidote, capable of reversing LD 80-100 level exposures with an intramuscular (or intravenous) injection of~1 mL in rabbit models, and equivalently adjusted volumes in other animal models [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, for oral ingestions, effects are delayed enough that much larger ingestions can occur [10] . Consequently, much larger antidote doses will be necessary. Intramuscular injection volumes are limited to a maximum of~4 mL, and systemically administered doses of antidote will be limited by the drug's side effects.
In addition to a lack of drugs for treating a large number of cyanide-poisoned victims, no effective methods exist for neutralizing large gastrointestinal cyanide reservoirs following oral ingestion.
C o b i n a m i d e i s t h e p e n u l t i m a t e p r e c u r s o r i n h y d r o x o c o b a l a m i n b i o s y n t h e s i s , l a c k i n g t h e dimethylbenzimidazole ribonucleotide group coordinated to the lower axial position of the cobalt atom [16] . This leads to several major chemical differences between cobinamide and hydroxocobalamin: (i) each cobinamide molecule can bind two ligands compared to one for hydroxocobalamin, (ii) cobinamide has a much higher affinity for ligands than hydroxocobalamin due to release of a negative trans effect of the bulky dimethylbenzimidiazole group, and (iii) cobinamide is considerably more water soluble than hydroxocobalamin [16] . The extraordinarily high-binding constant of cobinamide for cyanide [K A overall of ≈10 22 M −1 [21] allows efficient cyanide neutralization [14-16, 22, 23] and is the basis for cobinamide's potential use to neutralize a large dose of gastro-intestinal cyanide. However, cobinamide binding of cyanide is pH dependent, with pH > 4 required for effective binding (binding is complete at pH 6-7). This consideration must be addressed for gastric administration.
We have shown that both aquohydroxocobinamide (water and hydroxyl molecules bound to the cobalt atom) and dinitrocobinamide (two nitrite groups bound to the cobalt atom) are effective cyanide antidotes [12, 15, 17, 20] (Fig. 1) . While dinitrocobinamide is better absorbed after intramuscular injection than aquohydroxocobinamide [20] , the two species may not show differential absorption from the gastrointestinal tract. We investigated the effectiveness of both cobinamide species in this study.
In addition, we hypothesized that gastric pH would influence the rate of cyanide absorption. In the stomach, cyanide ion will convert to hydrogen cyanide gas, since the pK a and the boiling point of HCN are 9.3 and 26.3°C, respectively. While no prior published data directly compare oral cyanide absorption at various gastric pH levels, cyanide is reportedly absorbed as the highly diffusible hydrogen cyanide molecule [24] . Thus, raising gastric pH should delay cyanide absorption, and this should be safe, because exposure of the esophagus to pH up to 11.5 has been shown to be well tolerated and cause no damage [25] . We hypothesize that raising gastric pH should delay the rate of cyanide absorption. This in turn could influence the available timewindow for effective antidote administration and potentially affect survival.
Methods
Thirty New Zealand white male pathogen-free rabbits (Western Oregon Rabbit Supply, Philomath, Oregon) weighing 3.5-4.5 kg were used in this study. All procedures were reviewed and approved by the Institutional Animal Care Committee of the University California, Irvine.
Procedures
At 17-20 h prior to initiating the study, food and water were withheld from the rabbits, and an Elizabethan collar was placed to prevent coprophagy. At the start of the study, the rabbits were anesthetized with an intramuscular (IM) injection of a 2:1 ketamine HCL (Ketaject, Phoenix Pharmaceutical Inc., St. Joseph, MI)/xylazine (Anased, Lloyed Laboratories, Shenandoah, IA) mixture. A 23-gauge catheter was placed in the marginal ear vein to allow intravenous access. The animals were intubated using a 3.5-mm cuffed endotracheal tube, which was immediately connected to a Bickford rebreathing anesthesia device; this allowed the animals to breath a source of 1.5-2.5 % isoflurane mixed with room air provided through an Ohmeda V.M.C. anesthesia machine. A 5-F premature infant feeding tube (NG Tube, Bard, Covington, GA) was inserted through the mouth into the stomach to administer cyanide and antidote. Once the feeding tube was positioned in the stomach, air was injected through the feeding tube and the bubbling sound was verified. The animals were connected to a pulse oximeter (Biox 3700 Pulse Oximeter, Ohmeda, Boulder, CO) by placing the ear probe (Datex-Ohmeda TS-E4-H) on the animal's cheek. Heart rate and oxygen saturation (SPO 2 ) were monitored, as were respiratory rate, end tidal CO 2 , and end tidal O 2 via a Datex Ohmeda, General Electric, S/5 Patient Monitor connected to the endotracheal tube. Femoral arterial and venous cut-downs were performed in the left groin for central line placement to collect blood samples and measure systemic pressure. A 12-in, 18-g catheter (C-PMA-400-FA, Cook Inc., Bloomington, IN) was inserted into both the artery and vein, and a three-way stopcock was connected. A calibrated pressure transducer (TSD104A Transducer and MP100 WSW System, Biopac Systems, Inc., Santa Barbara, CA) was connected to the end of the arterial line to provide continuous blood pressure measurement.
Data Collection
Blood samples for cyanide analysis, blood gases, SPO 2 , and metabolic data were taken at baseline (before cyanide and antidote administration) at the time of administration, and at 2.5, 5, 10, 15, 30, 45, 60, and 90 min post administration. Systemic blood pressure readings were recorded every minute for the first 10 min after cyanide injection.
Animals that survived until a 90-min post cyanide administration were considered Bsurvivors^and were euthanized with 1 mL of Euthasol (390 mg pentobarbital sodium/50 mg phenytoin sodium; Euthasol, Virbac AH, Inc., Fort Worth, Texas) administered through the marginal ear vein. Animals that died before 90 min were considered Bnon-survivors.Â ntidotes and Reagents NaCN (Sigma Aldrich) was dissolved in 0.9 % NaCl (50 mg in 10 mL) immediately prior to administration. NaHCO 3 was dissolved in distilled H 2 O (250 mg per 5 mL) and the solution was adjusted to pH 9.0 using 10 N NaOH immediately prior to administration.
Dinitrocobinamide was prepared from hydroxocobalamin as previously described [20] . Aquohydroxocobinamide was prepared from dinitrocobinamide by reducing the cobalt atom to the +1 valency state using sodium borohydride; this simultaneously removes nitrite from cobinamide and reduces nitrite to nitric oxide. The nitric oxide was removed by bubbling nitrogen through the solution, and the sodium borohydride was removed over a C18 reversed-phase column. Air was bubbled through the eluate to oxidize the cobinamide to the +3 valency state, and the resulting aquohydroxocobinamide product was concentrated to a solid under reduced pressure. Both the dinitrocobinamide and aquohydroxocobinamide were >98 % pure as assessed by high-performance liquid chromatography; they were administered to the rabbits through the nasogastric tube as a 250-mM solution (6.5 mL). 
Study Design/Treatment Groups
The rabbits were divided into five groups of six animals each and received the following agents via the nasogastric tube: Group 1. Cyanide control; received 50 mg of NaCN in 10 mL saline Group 2. Cyanide with a single-dose sodium bicarbonate; received 500 mg of NaHCO 3 in a 10-mL distilled H 2 O, followed immediately by 50 mg NaCN in a 10-mL saline Group 3. Cyanide with double-dose sodium bicarbonate; received 500 mg of NaHCO 3 , followed by 50 mg NaCN, and then a second dose of 250 mg NaHCO 3 in a 5-mL distilled H 2 O administered at apnea or 8 min post cyanide injection, whichever came first Group 4. Cyanide with dinitrocobinamide and sodium bicarbonate; received 500 mg NaHCO 3 followed by 50 mg NaCN, and then 6.5 mL 250 mM dinitrocobinamide Group 5. Cyanide with aquohydroxocobinamide and sodium bicarbonate; received 500 mg NaHCO 3 , followed by 50 mg NaCN, and then 6.5 mL 250 mM aquohydroxocobinamide The total fluid volumes that animals received in each group are 10, 20, 25, 26.5, and 26.5 mL, respectively.
Diffuse Optical Spectroscopy
Diffuse optical spectroscopy (DOS) measurements were obtained through a fiber optic probe with a diode light emitter and the detector at a fixed distance (10 mm) from the source fiber. The probe was placed on the shaved surface of the right inner thigh of the animal for muscle measurements. The broadband DOS system combines multi-frequency domain photon migration with timeindependent near-infrared spectroscopy to accurately measure bulk tissue absorption and scattering spectra [26] [27] [28] [29] [30] [31] [32] . Tissue concentrations of oxy-and deoxyhemoglobin, water, and CytcOx redox state changes (changes from baseline of the differential between oxidized and reduced CytcOx concentrations) were calculated by a linear least squares fit of the wavelength-dependent extinction coefficient spectra of each chromophore as previously reported. We used oxyhemoglobin and reduced (deoxy) hemoglobin absorption spectra reported by Zijlstra et al. [33] and oxidized CytcOx and reduced CytcOx absorption spectra reported by Moody et al. [34] for subsequent fitting and analysis.
Measurement of Red Blood Cell Cyanide Concentration
Cyanide in blood is bound almost exclusively to ferric(met) hemoglobin in red blood cells (RBCs); thus, the blood cyanide concentration can be measured by separating RBCs from plasma and acidifying the RBCs to release cyanide as HCN gas [35] . Whole blood collected from the animals was immediately cooled to 4°C and centrifuged, and the plasma and RBC fractions separated. Samples were kept at 4°C and analyzed within 48 h. The RBCs were lysed in ice-cold water, and the lysates were placed into the outer compartment of a Conway microdiffusion cell. A volume of 10 % trichloroacetic acid equal to the lysate was also added to the outer compartment, and an alkalinized cobinamide solution was added to the center compartment. The cell was capped, and the lysate was mixed with the trichloroacetic acid by gently tilting the chamber. The trichloroacetic acid denatures the hemoglobin and releases HCN gas, which is trapped in the cobinamide solution. The resulting dicyanocobinamide is measured spectrophotometrically as described previously [36] . The cyanide concentration was determined from a standard curve using freshly prepared KCN dissolved in 1 mM NaOH. Duplicate samples showed <15 % variation.
Measurement of Plasma Thiocyanate Concentration
Thiocyanate in the plasma was reduced to cyanide using potassium permanganate as described previously [19] . The resulting cyanide was measured as described above.
Measurement of Plasma Cobinamide Concentration
The plasma cobinamide concentration was measured by converting cobinamide in the samples to dinitrocobinamide by adding >100-fold excess of sodium nitrite over the estimated cobinamide concentration. Sample absorbance at 510 nm was measured, and the cobinamide concentration was calculated by comparison to known standards. This method yielded values within 95-105 % of those obtained by highperformance liquid chromatography.
Statistical Analysis
Data is expressed as mean ± SD. Survival times were compared by Mantel-Cox modeling versus controls. Blood pressure was compared by ANOVA.
Results
Animals in group 1, cyanide only, developed apnea at 2.6 ± 0.7 min (range 2 to 3.5 min) following cyanide administration and died at 10.5 ± 4.3 min (range 3 to 14 min; Fig. 2 ).
Thus, this is a highly lethal model with rapid onset of apnea and subsequent death.
Effect of Bicarbonate
Animals in group 2, single bicarbonate dose, had a mean time to death of 16.1 ± 6.6 min (range 10 to 28 min), and animals in group 3, double bicarbonate dose, had a mean time of death of 20.3 ± 8.6 min (range 10 to 30 min; Fig. 2 ). Group 3 was significantly different from group 1 (p < 0.04). Thus, gastric alkalinization prolonged survival, but did not prevent death.
Effect of Cobinamide
Animals in group 4, single bicarbonate dose plus dinitrocobinamide, had a mean survival time of 75 ± 16.4 min, with 3/6 animals surviving the full 90-min experimental period (Fig. 2) . The survival time was significantly different from that of group 1 animals (p = 0.0001).
Animals in group 5, single bicarbonate dose plus aquohydroxocobinamide, had a mean survival time of 64 ± 41 min, with 4/6 animals surviving the full 90-min experimental period (Fig. 2) . Again, this increase in survival time was significantly different from that of group 1 animals (p < 0.05).
The two animals in group 5 that died became apneic within 5 min of cyanide administration and expired in less than 10 min. The rapid onset of apnea and death was faster than even in group 2 animals, suggesting a lack of effective gastric alkalinization in these animals. The three animals in group 4 that expired lived at least 60 min, showing gradual deterioration.
Effect of Cobinamide Formulation on Blood Pressure
Group 1 animals exhibited rapid cardiovascular collapse with profound hypotension within 1-2 min of receiving the cyanide (Fig. 3) . Groups 2 and 3 (single and double bicarbonate doses, respectively) animals also showed rapid fall in blood pressure until expiration, though time until expiration was longer in group 3 than that in controls (group 1).
Group 4 animals (dinitrocobinamide) showed a gradual decrease in blood pressure throughout the study period (Fig. 3) . The hypotension was not associated with clinical or diffuse optical spectroscopic evidence of cardiovascular collapse that was seen in group 1 animals. The total nitrite dose received by these animals was 150 mg and likely accounts for the reduced blood pressure. In contrast, animals in group 5 (aquohydroxocobinamide) showed a small, but nonsignificant decrease in blood pressure throughout the study period (Fig. 3) . The blood pressure difference between groups 4 and 5 animals was significantly different (p < 0.05).
Diffuse Optical Spectroscopy
Group 1 animals showed an initial increase in oxyhemoglobin and decrease in deoxyhemoglobin concentrations following cyanide administration (Fig. 4a) . This was followed by a very rapid onset of apnea and cardiovascular collapse with an accompanied precipitous fall in oxyhemoglobin and rise in deoxyhemoglobin prior to death (Fig. 4a) .
In animals in groups 2 and 3, the initial rise in oxyhemoglobin and fall in deoxyhemoglobin concentrations were Fig. 2 Average survival time in oral cyanide exposed rabbits (N = 6/ group). New Zealand white rabbits received a supra-lethal dose of oral cyanide and simultaneously received sodium bicarbonate with or without dinitrocobinamide or aquohydroxocobinamide. All animals that survived up to 90 min were euthanized. Groups 1 cyanide alone, 2 cyanide followed by single-dose bicarbonate, 3 cyanide followed by two oral doses of bicarbonate, 4 cyanide followed by single-dose of bicarbonate plus dinitrocobinamide, and 5 cyanide followed by single-dose of bicarbonate plus aquohydroxocobinamide. *p < 0.05 (Mantel-Cox), **p < 0.0001 (Mantel-Cox) Fig. 3 Mean arterial blood pressure in oral cyanide-exposed rabbits. Rabbits received a supra-lethal dose of oral cyanide at time zero as described in the legend of Fig. 1 , and their mean arterial blood pressure was measured prior to the cyanide and every 15 min thereafter. Blood pressure in group 1 animals receiving cyanide alone fell rapidly (dotted line) as all animals died within 15 min. Animals in group 5 that received aquohydroxocobinamide maintained their blood pressure throughout the experimental period. Animals in group 4 that received dinitrocobinamide showed a gradual decrease in blood pressure which stabilized at 60 min, but did not return to baseline values (p < 0.05 for group 4 versus group 5) somewhat more gradual, consistent with a reduced rate of cyanide absorption. This was subsequently followed by apnea and a precipitous fall in the oxyhemoglobin concentration as a terminal event.
In animals in groups 4 and 5, the oxyhemoglobin concentration rose initially, then declined to varying degrees, and stabilized in the surviving animals at concentrations close to baseline by 90 min (Fig. 4b, c) .
The cytochrome C oxidase redox state fell in group 1 animals, consistent with cyanide inhibition of the enzyme. Group 4 animals showed an initial fall in the CytcOx redox state that subsequently recovered (Fig. 4b) . This was different from group 5 animals where the CytcOx redox state remained stable throughout the study (Fig. 4c ; the basis for this difference between groups 4 and 5 animals is addressed in the BDiscussion^section).
Red Blood Cell Cyanide Concentration
The red blood cell cyanide concentration increased linearly during the first 7.5 min post cyanide administration in groups 1 (cyanide alone), 2, and 3 (cyanide plus bicarbonate; Fig. 5a ). The subsequent flattening in the red blood cell cyanide concentration in these animals was possibly from decreased splanchnic perfusion with decreased cyanide absorption, since the blood pressure was falling at this time (Fig. 3) . The red blood cell cyanide concentration increased similarly in group 4 (dinitrocobinamide) and group 5 (aquohydroxocobinamide) animals during the first 7.5 min post cyanide administration and then fell gradually in group 5 animals (Fig. 5b) . This was a marked contrast to the group 4 dinitrocobinamide animals where the red blood cell cyanide concentration continued to increase until 30 min in the surviving animals, reaching much higher values than in any of the other groups (Fig. 5b) . The marked increase in blood cyanide concentration in the group 4 animals suggested that nitrite was absorbed and induced methemoglobinemia; the methemoglobin could then bind cyanide, raising the red blood cell cyanide concentration.
Plasma Thiocyanate Concentration
We found that the plasma thiocyanate concentration increased gradually in all five groups of animals (Fig. 5c ). This gradual increase was likely from slow conversion of cyanide to thiocyanate, consistent with a limited pool of available sulfane sulfur.
Plasma Cobinamide Concentration
Consistent with our findings that dinitrocobinamide binds less to the extracellular matrix and is absorbed better after intramuscular injection than aquohydroxocobinamide, we found that dinitrocobinamide was absorbed faster and more Fig. 4 Oxy-and deoxyhemoglobin concentrations and cytochrome c oxidase redox state in oral cyanide-exposed rabbits. Animals received a supra-lethal dose of oral cyanide at time zero as described in the legend to Fig. 2 ; oxyhemoglobin (red lines) and deoxyhemoglobin (blue lines) concentrations (left y-axis) and cytochrome c oxidase (CytcOx) redox state (black circles, right y-axis) were monitored continuously by diffuse optical spectroscopy (DOS). a Group 1 animals, cyanide alone-the oxyhemoglobin concentration rose initially and then fell precipitously as the animals experienced cardiac decompensation and died. CytcOx redox state fell continuously. b Group 4 animals, dinitrocobinamide treatment-the oxyhemoglobin concentration rose initially, then decreased, but gradually recovered towards baseline values. CytcOx redox state decreased initially, but then recovered. c Group 5 animals, aquohydroxocobinamide treatment-the oxyhemoglobin concentration rose initially, then showed a small decrease, but recovered fully. The CytcOx state showed no significant change efficiently than aquohydroxocobinamide after oral ingestion, yielding higher plasma concentrations (Fig. 5d ).
Discussion
Administration of high-dose oral cyanide in the rabbit model developed in this study resulted in acute, rapidly lethal cyanide poisoning, with a relatively narrow time window for effective antidote treatment. The cyanide dose was extremely high, 50 mg in a 3-kg rabbit (lethal human exposure can occur with as little as 50-70 mg in a 70-kg adult). This dose is more than twice the LD 80 dose for the rabbits and leads to 100 % lethality in less than 15 min. Diffuse optical spectroscopy and hemodynamic changes were seen within seconds to minutes following this amount of oral cyanide. Apnea developed as early as 2 min following ingestion in animals that did not receive antidote or bicarbonate treatment, and all animals were apneic within 4 min without antidote administration. In human beings, if they are alive at the time of potential rescue, then they still have a gastric reserve of cyanide that could be maintained in the ionic form by gastric alkalinization. So the model reflects giving antidote and gastric alkalinization prior to the lethal effects of the gastric cyanide bolus.
Gastric alkalinization with sodium bicarbonate significantly prolonged survival time, without yielding full recovery. Several factors could contribute to the prolonged survival time. Gastric alkalinization would be expected to shift gastric cyanide from predominantly HCN, which should be highly membrane diffusible, to ionic CN − , which is likely less membrane diffusible. Alkalinization of the stomach contents was confirmed by gastric sampling following bicarbonate administration. No prior studies have clarified whether ionic CN − or nonionic HCN (or both) are absorbed through the gastrointestinal tract. However, it has been presumed that because HCN is more diffusible, it is more rapidly absorbed. The findings of our study lend support to this hypothesis because we found a significantly delayed time to death with gastric bicarbonate, with evidence of a dose response. One would not expect gastric neutralization alone to be curative of lethal cyanide ingestion, since continued gastric acid production would lead to eventual cyanide absorption and CN − ion may be absorbed, albeit at a slower rate. These findings suggest that gastric pH alkalinization may be valuable for extending the time window for antidotes to be effective with oral cyanide ingestion. Another possible mechanism of action of the bicarbonate is that it could have been absorbed systemically and decreased cyanide-induced metabolic acidosis. However, it seems unlikely that significant amounts of bicarbonate were absorbed within the first 5 min following cyanide ingestion, which would be required to reverse the rapid toxicity and apnea development from cyanide. Furthermore, diffuse optical spectroscopy measures of systemic CytcOx redox state and oxyand deoxyhemoglobin saturations suggested delayed systemic cyanide effects, rather than neutralization of cyanide-induced acidosis. Further studies with frequent systemic lactate and anion-gap metabolic acidosis measurements could more definitively answer this question. Oral cobinamide administration following cyanide ingestion led to a significant improvement in overall survival. The most likely site of cobinamide's action was in the stomach or proximal small bowel where it could bind cyanide, preventing it from being absorbed. For aquohydroxocobinamide, plasma cobinamide concentrations did not show any substantial increase until 45 min after administration; all control and single bicarbonate-treated animals were dead long before that, and thus, the cobinamide almost certainly had to be acting within the gastrointestinal tract. The dose of cobinamide was well tolerated acutely. It is likely that even greater survival benefits could be achieved with higher doses of oral cobinamide. In addition, one could consider a non-absorbable cobinamide formulation that could allow very high doses of antidote to be administered orally, reducing risk of systemically absorbed cobinamide-induced side effects.
Two formulations of cobinamide were investigated in this study, dinitrocobinamide and aquohydroxocobinamide. Dinitrocobinamide is currently being developed for intramuscular administration. It would be convenient to have one single formulation for oral as well as intramuscular use, and dinitrocobinamide is chemically more stable than aquohydroxocobinamide. Dinitrocobinamide is more rapidly and completely absorbed than aquohydroxocobinamide following intramuscular injection. However, blood pressure was substantially lower in dinitrocobinamide-treated animals than in aquohydroxocobinamide-treated animals. The clinical features of the hypotension were distinct from the acute terminal decompensation from cyanide, which causes a precipitous drop in blood pressure. We reasoned that the hypotension in dinitrocobinamide-treated animals was most likely secondary to the large amount of nitrite (3.25 mmol = 150 mg), some of which was likely systemically absorbed. Therefore, we tested aquohydroxocobinamide. It did not result in hypotension and was equally or more effective in improving survival than dinitrocobinamide. Two animals that did not survive in the aquohydroxocobinamide treatment group died quickly, i.e., within 10 min of receiving cyanide. This was even faster than the animals treated with a single dose of bicarbonate, suggesting poor gastric alkalinization in these two animals.
Perhaps in these two animals, a technical problem occurred such that the bicarbonate and/or the cobinamide were not delivered well to the stomach or a large gastric bubble that occurs when bicarbonate is converted to carbon dioxide in the stomach could serve as a protected site for the gas phase HCN. Future gastric buffering studies may help answer these questions.
There are a number of limitations of this study. We relied on the clinical evidence for the placement of the feeding tube for the study instead of employing imaging methods such as X-ray of the verification. While it is unlikely that the feeding tube position had changed since animals were immobile under the anesthesia, we cannot rule out the possibility. Also, there is a possibility that rapidly infused fluid volume may force contents beyond the gastric lumen and it may alter the outcome. Also, the dilution of stomach NaCN could possibly have affected the apnea/death time difference between the control, untreated groups (group 1), and the single and double bicarbonate groups (groups 2 and 3), respectively.
All animals were anesthetized as required by our animal review committee; therefore, the effects of anesthetic cannot be determined. However, anesthetic agents would not likely have a substantial cyanide protective effect, given the extremely large doses of cyanide administered. Another limitation is that our animal review committee requires that the experiments be relatively short and that the animals are euthanized at the end. This limitation leads to an underestimation of the effectiveness of cobinamide, since all animals were sacrificed at 90 min post cyanide exposure, and many of the cobinamide-treated animals would likely have survived much longer. A short experimental period also did not allow us to evaluate long-term outcomes, side effects, and neurological recovery; these clearly need to be investigated in terms of long-term impact of an oral cyanide antidote. And finally, in a mass casualty exposure, only conscious victims could receive an oral antidote. Thus, unconscious victims would either not be treated in such a scenario, or require other modes of antidote administration, probably limiting their total tolerable antidote dose.
In this study, the antidote was administered very shortly after cyanide ingestion. Further investigations also will be required to determine the maximum time window for antidote administration to be effective. This will likely be dependent on the rate of oral intake, total ingested dose, individual tolerance, and presence or absence of gastric food. Further studies are needed to define the optimal antidote formulation, timing of antidote, and whether the antidote will prevent long-term effects of cyanide exposure. In addition, there is the need for optimization of the bicarbonate dose or the investigation of other gastric pH alkalinization approaches since it is not known whether the improved survival in the animals receiving two doses of oral bicarbonate was due to the timing of the second dose or the greater total bicarbonate dose received. The maximum tolerable oral dose of cobinamide and the maximum cyanide ingestion, which can be neutralized, need to be studied, too.
In conclusion, this study demonstrates a promising new approach to treat high-dose oral cyanide ingestion and could provide a model for FDA approval for treating oral cyanide poisoning with cobinamide and gastric alkalinization.
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